Class-switch recombination (CSR) and somatic hypermutation (SHM) occur during the differentiation of germinal center B cells (GCBs). Activation-induced cytidine deaminase (AID) is responsible for both CSR and SHM in GCBs. Here, we show that ablation of PTEN through the Cγ1-Cre mediated recombination significantly influences the CSR and SHM responses. The GCs fail to produce the IgG1 B cells, the high affinity antibodies and nearly lost the dark zone (DZ) in Pten fl/fl Cγ1 Cre/+ mice after immunization, suggesting the impaired GC structure. Further mechanistic investigations show that LPS-and interleukin-4 stimulation induced the transcription of Cγ1 in IgM-BCR expressing B cells, which efficiently disrupts PTEN transcription, results in the hyperphosphorylated AKT and FoxO1 and in turn the suppression of AID transcription. Additionally, the reduced transcription of PTEN and AID is also validated by investigating the IgM-BCR expressing GCBs from Pten fl/fl Cγ1 Cre/+ mice upon immunization. In conclusion, PTEN regulated AID transcription in GCBs is essential for the CSR and IgG antibody responses.
via nonhomologous end-joining (NHEJ) eventually completes the CSR by rejoining the two broken S regions (10, 11) . Previous studies suggested that the phosphatidylinositol-3-kinase (PI3K) and AKT signaling can both regulate the Ig gene rearrangement during B cell development and the CSR during GC responses (12) (13) (14) (15) (16) (17) (18) . Phosphatase and tension homolog (PTEN) is known to negatively regulate PI3K-mediated growth, survival, proliferation and cellular metabolism of B cells (16, 17, (19) (20) (21) (22) . Thus PTEN deficiency alters B1, marginal zone B (MZB) and follicular B (FOB) cell subsets in Pten fl/fl CD19-Cre mice (16, 17) . Further study revealed that imbalanced PTEN and PI3K signaling impaired the μHC recombination in pro-B cells in Pten fl/fl mb1-Cre mice (12) . Recently, emerging efforts have been placed to investigate the molecular mechanism of PTENand PI3K-tuned AKT signaling in regulating the strength of GC responses (14, 15, 23) . B cell specific deficiency of PTEN in Pten fl/fl mb1 Cre/+ mice leads to the severe defects of B cell development at the bone marrow stage due to failed VJD recombination (12 Cre/+ mice cannot explicitly separates the function of PTEN in mature B cell activation and proliferation upon antigen stimulation versus that in GC responses since GCBs were differentiated from activated mature naïve B cells after antigen stimulation. Here, to precisely assess the function of PTEN in GCB-mediated humoral responses in vivo, we used a mouse model with a PTEN deletion only in specific subsets of GCBs. Our results reveal that PTEN regulated AID transcription in GCBs is essential for the CSR and IgG antibody responses.
MaTErialS anD METHODS
Mice, Cell Culture C57BL/6J (B6) background Pten fl/fl mice (a kind gift from Dr. Wei Guo, Tsinghua University) were mated to Cγ1-Cre transgenic mice (a kind gift from Dr. Tomohiro Kurosaki, Osaka University and Dr. Klaus Rajewsky, Max Delbrück Center) in which expression of Cre is controlled by the endogenous promoter of the B cellspecific gene Cγ1. Offspring carrying Cγ1-Cre and two copies of the floxed Pten allele or Cγ1-Cre plus two copies of the WT Pten allele were used in the analyses as homozygous mutant (Pten (24) . Single cell suspensions were cultured in RPMI-1640 medium supplemented with 10% FBS, 50 µM β-mercaptoethanol (Sigma-Aldrich), penicillin/streptomycin antibiotics (Invitrogen) and Non-Essential Amino Acids (Invitrogen). B cells were stimulated for 4 days using 10 µg/mL LPS (Sigma) alone or LPS plus 50 ng/mL interleukin-4 (IL-4) (R&D) or 1 µg/mL anti-CD40 (eBioscience) alone or anti-CD40 plus 50 ng/mL IL-4 (R&D) in order to drive primary B cells class-switch in vitro. 
Cγ1
Cre/+ ), 2 µg/mL VLP, 5 µg/mL NP8-BSA or 5 µg/mL NP30-BSA were coated on maxisorb plates (Nunc) and incubated overnight at 4°C. All these plates were blocked with 0.3% gelatin in PBS buffer (2 h at 37°C), followed by addition of pre-diluted mice serum into each well and incubated at 37°C for 1 h. 1:10,000 diluted HRP conjugated goat anti-mouse IgM, IgG, IgG1, IgG2b, IgG2c, and IgG3 were used to detect VLP or NP-specific antibodies also the innate immune antibodies. Then followed the protocol as published before for the final readout results (26 Cre/+ mice IgM-BCR expressing GCBs were first enriched by CL-7 marker (GL-7 monoclonal antibody, Biotin, eBioscience; streptavidin microbeads, Miltenyi Biotec) by using the LS columns (Miltenyi Biotec). On the basis of enrich, cells were sorted by using FACSAria III Cell Sorter (BD) after labeling with IgM-BCR expressing GCBs dyes (anti-CD19-APC, anti-FAS-PE, Alexa Fluor 488 goat Fab anti mouse IgM μ chain and ef450-streptavidin for GL-7).
Total RNA was extracted using TRIzol (GIBCO) according to the manufacturer's instructions and was subjected to the reverse transcription to make cDNA. For PCR of post-switch Cγ1, transcript was amplified using the following primers pair: (Cγ1, 429 bp) 5′-GGC CCT TCC AGA TCT TTG AG-3′ (Cγ1 forward), 5′-GGA TCC AGA GTT CCA GGT CAC T-3′ (Cγ1 reverse). For amplification of the PTEN (387 bp) transcript, the primer pair of 5′-TTG AAG ACC ATA ACC CAC CAC AG-3′ (PTEN forward) and 5′-GGC AGA CCA CAA ACT GAG GAT TG-3′ (PTEN reverse) was used. Forward primer for AID (349 bp): 5′-GAG GGA GTC AAG AAA GTC ACG CTG GA-3′, reverse primer for AID: 5′-GGC TGA GGT TAG GGT TCC ATC TCA G-3′. Forward primer for control GAPDH (566 bp): 5′-TGT GTC CGT CGT GGA TCT GA-3′ and reverse primer for GAPDH: 5′-TTG CTG TTG AAG TCG CAG GAG-3′. PCR conditions were 94°C for 3 min, 94°C for 1 min, 60°C for 45 s, 72°C for 45 s, 30 cycles (from step 2 to step 4), and 72°C for 10 min for final extension.
Flow Cytometry
Cells were preincubated with FcBlock (anti-CD16/32, eBiosence) to minimize nonspecific staining. Cells were then stained with cocktails of various mAbs (anti-CD19, -B220, -IgG1, -IgM, -IgD, -CD43, -CD93, -CD21, -CD23, -CD5, -FAS, -CL-7, -CD3ε, -CXCR4, or anti-CD86) conjugated with different fluoresce proteins. All antibodies were purchased from BD, eBioscience or BioLegend. Labeled cells were detected by 5 lasers Fortessa (BD), all data were analyzed with FlowJo software. Cell sorting was performed by using FACSAria III Cell Sorter (BD), following the protocols provided by BD.
Microscopy instruments
Confocal images were captured using Olympus FV-1000 microscope equipped with 10 × objective lens and a 405, a 473, a 549, and a 635 nm laser. The acquisition was controlled by FV10-ASW4.0 software.
image Process and Statistical analyses
Images were analyzed by Image Pro Plus (Media Cybernetics) software following our previous protocols (27) . Statistical tests were performed with Prism 5.0 (GraphPad). Two-tailed t tests were used to compare end-point means of different groups. Statistical significant results (p) are indicated as: *p < 0.05; **p < 0.01, and ***p < 0.001. Cre/+ mice (Figures 2A,B) . However, the production of not only IgG1 but also IgG2b and IgG3 were significantly blunted in the Pten
Cre/+ mice (Figures 2A,B (Figures 3A,B) . Remarkably, further analyses showed that the IgM-BCR expressing GCBs were obviously increased while the class-switched IgG1-BCR 
Cγ1
Cre/+ mice GC (Figures 3C,D It is known that GC contains the light zone (LZ) and the dark zone (DZ). GCBs undergo consecutive and cyclic phases of proliferation and SHM in the DZ, followed by the migration to the LZ, where they capture and internalize antigen for the acquisition of survival signals from follicular helper T cells (3, 29, 30) . We thus quantified the formation of LZ and DZ within the GC and found that DZ and LZ compartmentalization was severely disturbed in the Pten fl/fl Cγ1 Cre/+ mice upon the immunization by both SRBC and VLP (Figures 4A-C) . Moreover, we observed that the number of Cre/+ mice upon immunization with 10 µg NP33-KLH at day 0. NP-specific antibody titers in IgM, IgG1, IgG2b, and IgG3 isotypes were examined by ELISA using NP8-BSA (5 µg/ml) as the coating Ag. The data represent the median ± interquartile range from three independent experiments with six mice per group at the indicated time point and were analyzed with Kruskal-Wallis test. (B) The production of virus-like particle (VLP)-specific antibodies in Pten +/+ Cγ1
Cre/+ and Pten fl/fl Cγ1 Cre/+ mice upon the immunization (i.p.) with 10 µg VLP at day 0, day 7, and day 14. VLP specific antibody titers in IgM, IgG and IgG1, IgG2b, IgG2c, or IgG3 isotype were examined by ELISA experiment by using VLP (2 µg/ml) as the coating Ag. The data represent the median ± interquartile range from three independent experiments with six mice per group at the indicated time point and were analyzed with Kruskal-Wallis test. ***p < 0.001. 
DZ B cells in Pten fl/fl Cγ1
Cre/+ mice GCs was dramatically decreased, consistent with a recent study showing that upon FoxO1 ablation or induction of PI3K activity, GCs lost their DZ, owing at least partly to downregulation of the chemokine receptor CXCR4 (14, 15) . Since an essential step in the selection of high affinity GCBs is the recruitment of LZ GCBs into the GC DZ (31, 32), it is not a surprise that the SHM in GCBs was significantly damaged in Pten fl/fl Cγ1 Cre/+ mice upon the immunization by TD antigen NP33-KLH ( Figure 4D ). Lastly, it should be noted that even though the GC DZ formation was impaired in the Pten fl/fl Cγ1 Cre/+ mice, the size of the GCs was normal in the spleen section as detected by immunofluorescence and the number of GCs per spleen section was even higher in these PTEN KO mice (Figures 5A,B Cre/+ mice as determined by the ratio NP8/NP30. The data represent the median ± interquartile range from three independent experiments with six mice per group at the indicated time point and were analyzed with Kruskal-Wallis test. *p < 0.05; **p < 0.01. Cre/+ mice as described in (a). The bars represent the mean ± SD from one representative of at least three independent experiments. Two-tailed t tests were performed for statistical comparisons. 
DiSCUSSiOn
We investigate the function of PTEN in regulating the strength of GC responses by employing a mouse model with the ablation of PTEN through Cγ1-Cre mediated recombination. Cre/+ mice. There are eight sets of CH exons organized as 5′-VDJ-Cμ-Cδ-Cγ3-Cγ1-Cγ2b-Cγ2a-Cε-Cα-3′ at the Igh locus in mice. Upon the CSR, the assembled V(D)J exons from Cμ encoded IgM-expressing naïve B cells is juxtaposed next to one of the sets of downstream CH exons, allowing the production of different IgH classes (e.g., IgG3, IgG1, and IgG2b) (5) . Thus, the transcription of Cγ1 in IgM-BCR expressing B cells and the subsequent disruption of PTEN and AID expression explained the poor production of not only IgG1 but also IgG2b and IgG3 in the Pten fl/fl Cγ1 Cre/+ mice.
FigUrE 6 | Continued
The observation of the pre-transcription of Cγ1 in IgM-BCR expressing B cells is consistent with the examination of the Cγ1 reporter mice, which reported the Cγ1 reporter gene expression in 85-95% of the GCB fraction 10-14 days after immunization with SRBC (33) . Not a surprise, hyper-phosphorylated AKT and FoxO1 are observed as a result of the drastically reduced Cre/+ IgM-BCR expressing B cells. Data were given from one representative of at least three independent experiments. *p < 0.05; **p < 0.01. Cre/+ mice. The hyper-phosphorylated AKT and FoxO1 in turn influence the AID expression in IgM-BCR expressing GCBs and reduce the differentiation of DZ GCBs partially through downregulation of the chemokine receptor CXCR4 (14, 15) . However, whether or not the reduced expression of AID can directly contribute to the decrease in the DZ GCBs deserves further investigation. In the literature, the important functions of PI3K-AKT pathway on the regulation of cell growth, survival, proliferation, cell cycle and cellular metabolism were also reported (16, 19-22, 34, 35) . Thus, it is also of interest to investigate how these events can influence the formation of GC structures.
In conclusion, our research provides an alternative mechanistic explanation for the significantly impaired CSR in PTEN deficient GCBs in addition to the recent published studies showing that constitutive PI3K activation or ablation of FOXO1 impairs AID targeting to particular switch regions. which leads to the partly lost CSR (14, 15) . Our results demonstrate that PTEN regulated AID transcription in GCBs is essential for the CSR and IgG antibody response, and SHM.
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